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ABSTRACT

The reflexive response and perception of pain (nociception) is an evolutionarily conserved process
in animals. Pain can be a major health concern and current treatments often prove insufficient, especially in
regards to chronic pain. Greater understanding of the molecular processes underlying pain sensation could
lead to new and more effective treatments. The aim of this study is to investigate the molecular
mechanisms of cold nociception in Drosophila melanogaster. A specific subset of peripheral sensory
neurons (Class III dendritic arborization (da) neurons), are implicated in Drosophila larvae’s response to
noxious cold.
Previous literature has implicated a variety of ion channel families, including transient receptor
potential (TRP) and degenerin/epithelial sodium channels (DEG/ENaC) family members, in mediating
sensory responses to noxious heat and mechanosensation. Though much is known about noxious
mechanical and heat nociception in Drosophila, little is known regarding the molecular components
mediating cold nociception.
Here we focus on characterization of Drosophila DEG/ENaC family members as potential
regulators of noxious cold-evoked sensory behavior. A novel behavioral assay, coupled with functional
optogenetic studies and in vivo RNAi expression, has been utilized to investigate the role of select
pickpocket (ppk) family members. Our analyses reveal that ppk12, ppk23, and ppk25 are required for
noxious cold detection in larvae. These studies provide novel mechanistic insight into the molecular
underpinnings of cold-evoked behavioral responses and demonstrate a previously uncharacterized function
for DEG/ENaC molecules in cold nociception.
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BACKGROUND AND SIGNIFICANCE

Nocicepton, Pain, and Available Treatments
An organism’s ability to sense and react to changes in its environment is fundamental to its
survival (Khuong and Neely 2013). This becomes especially important in detecting noxious or potentially
harmful stimuli. This process of sensing and interpreting noxious stimuli is termed nociception or pain
(Sulowski et al. 2011, Im and Galko 2011). There are many types of noxious stimuli including mechanical,
chemical and thermal (Im and Galko 2011).
Though pain is important for injury avoidance, it can also be detrimental to health and quality of
life (Khuong and Neely 2013, Salat et al. 2013). Pain can be categorized as acute or chronic. Acute pain
refers to perception of a current problem such as noxious stimuli or tissue damage (Salat et al. 2013).
Though this process may be useful in injury avoidance, it can also decrease quality of life. Chronic pain, on
the other hand, is viewed as unnecessary as it can occur without external stimuli or the presence of
damaged tissue (Salat et al. 2013). It can develop through changes in the central nervous system (CNS) and
is often characterized by a lowered pain threshold (allodynia), and increased sensitivity to certain stimuli
(hyperalgesia) (Im and Galko 2011). Therefore, it is considered to be an illness and affects 30-60% of the
global population, and upwards of 90% of the elderly population (Khuong and Neely 2013, Salat et al.
2013, Milinkeviciute et al. 2012).
Current treatments for pain are not effective for all types of pain, may not effectively control the
pain, and/or may have unwanted side effects (Khuong and Neely 2013, Salat et al. 2013). Currently
available treatments for pain often include exogenous opioids and non-steroidal anti-inflammatory drugs
(NSAIDs) (Salat et al. 2013). Common examples of NSAIDs include aspirin and ibuprofen. NSAIDs
inhibit cyclooxygenase (COX). COX is necessary for the conversion of arachidonic acid into
prostaglandins. Some of these prostaglandins, particularly PCE2 and PCF2a, are involved in nociceptor
sensitization (Slater et al. 2010). Exogenous opioids bind opioid receptors. Activation of opioid receptors is
a metabotropic process, which leads to activation of a G-coupled protein. This protein inhibits adenyl
cyclase, which is necessary for conversion of ATP to cAMP. cAMP is then necessary for activation of
many protein kinases and transcription factors which are necessary for neuronal function. Another
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consequence of the lack of cAMP is increased sodium potassium pump activity causing hyperpolarization.
The end result is decreased neural activity (Slater et al. 2010).
Both NSAIDs and opioids have their own benefits and shortcomings. The anti-inflammatory drugs
work well for low severity pain and can be localized to specific areas, but side effects include ulcers and
kidney damage. Opioids are the most powerful of current pain medications, but have a huge array of
problems including low specificity, constipation, difficulty breathing, tolerance, and of course addiction
(Salat et al. 2013). Chronic pain in particular has been very difficult to treat largely due to a lack of
understanding of its molecular mechanisms (Salat et al. 2013). Determining these mechanisms in greater
detail will likely lead to improvements in the treatment of both acute and chronic pain.

Nociception: The Drosophila Model System
Nociception is an evolutionarily conserved process and many of the genes involved have
conserved function across species as diverse as humans and insects (Im and Galko 2011, Milinkeviciute et
al. 2012). Ion channels in particular are highly conserved in the metazoans. Ion channel proteins are critical
for sensory function and many are involved in nociception (Adams et al. 1998, Tracey et al. 2003, Zhong et
al. 2009, Kim et al. 2010, Aldrich et al. 2010, Im and Galko 2011, Sulowski et al. 2011). Studies on ion
channel genes have been conducted in model systems including C. elegans, mice, zebra fish, and
Drosophila.
RNA interference techniques are an effective means for studying protein function. Though this
technique is highly utilized in both C. elegans and Drosophila, the ability to specify the tissue where RNAi
will be expressed is much easier in Drosophila. This advantage (discussed below) is a major reason the
metazoan Drosophila melanogaster is a good model organism for the study of the molecular mechanisms
of nociception in peripheral sensory neurons (Milinkeviciute et al. 2012).
Peripheral sensory neurons responsible for reflexive pain sensation are termed nociceptors (Loeser
and Treede 2008). These neurons are characterized by naked dendrites that interdigitate with epithelial cells
(Grueber et al. 2002). When triggered in vertebrates, these nociceptors simultaneously send signals to the
central nervous system along two paths (Fig. 1). The first path sends the message to the central nervous
system where it arcs back to the motor neurons causing a reflex reaction termed the nocifensive response.
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At the same time
me the message is also delivered on a second path to the brain for processing as a pain
sensation.

Figure 1. Nocifensive
ocifensive response and reflex arc.. When a nociceptor senses a noxious stimulus such as heat,
cold, chemical, or mechanical, the signal is fi
first
rst transduced into an action potential which is then passed
along the nociceptor (red) to nerves in the spinal cord (green). At this point, the signal is transduced
exciting a motor neuron (blue) to evoke the muscular nocifensive response (or reflex movement).
movem
At the
same time as the signal is passed to the motor neuron by the relay neuron, it is also passed to the brain
where the signal is interpreted as pain. None of the neurons depicted directly interact with the white matter
of the CNS, but rather penetrate
trate through it. Source: https://www.xtremepapers.com/revision/gcse/biology
/co-ordination_and_response.php
ordination_and_response.php

The Drosophila peripheral nervous system (PNS) is composed of both single and multidendritic
sensory organs designated type I and II. Type I includes external sensory organs [es] and chordotonal
sensory organs [ch] and are single dendritic
dendritic. Type II neurons are called multidendritic
ltidendritic neurons [md]. Mds
are subdivided into dendritic arborization [da], tracheal dendrite [td], and bipolar dendrite [bd] neurons
(Iyer et al.. 2013). da neurons are of particular interest. The da neurons are categorized as classes I, II, III, or
IV in order of increasing branching complexity (Fig. 2; Im and Galko 2011). The da neurons have naked
dendritic projections that extend out to the epidermis; they are architecturally and functionally similar to the
free nerve endings found in vertebrate nociceptors (Milinkeviciute et al. 2012).
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Figure 2. Four classes of Drosophila larval da neurons and currently known sensory functions. Recently
Class III da neurons have been implicated in cold nociception (Dan Cox personal communications). Figure
from: Sullivan, et al. (2013).

The different classes of da neurons participate in different sensory functions (Fig. 2). Some of
these sensory functions are shared between multiple classes while others are restricted to a single class
type. For example noxious heat is known to be almost exclusively interpreted by class IV, while
mechanical sensation is divided between classes I, II, III and IV (Im and Galko 2011). The molecular
mechanisms of many of these sensory functions have been well characterized. However, little is known
about the molecular basis of chemical and cold nociception (Sullivan et al.. 2013). This project particularly
focuses on the molecular mechanisms of cold nociception. The choice to study pain using the cold stimulus
has one major advantage above
bove other stimuli. Work done by Dr. Daniel Cox’s lab
labs at George
G
Mason
University
niversity and now at Georgia State University has shown that the cold stimulus is sensed primarily by the
Class III (CIII) da neurons (Dan Cox personal communications). Larvae expressing
ng tetanus toxin in CIII da
neurons had a diminished reflex to noxious cold, optogenetic stimulation of CIII da neurons mimicked the
reflex response to noxious cold, and GCaMP studies on larvae exposed to noxious cold showed activation
of primarily CIII da neurons. This simplifies the analysis because we can focus on a single class of da
neurons.
The da neurons have been extensively characterized in Drosophila third instar larvae. This stage is
important because earlier larval stages do not have fully developed neural circuits particularly at the
neuromuscular junctions (NMJ), which impedes the nocifensive response (Sulkowski
(Sulkowski, et al. 2011). The
behavioral response
nse to noxious cold has been characterized for the third instar larvae by Daniel Cox’s lab
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and a simple behavioral assay has been developed and is discussed below. It is also important to use larvae
because the adults have a thick cuticle that is not penetrable by light whereas the larval epidermis is
transparent. This is important for optogenetic experiments that require light to penetrate to the neurons
(discussed in Methodology).

Drosophila Cold Nociception: Candidate Ion Channels
Two families of ion channel subunit encoding genes have been implicated in Drosophila
nociception through experiments with mechanical and heat stimuli; these include the degenerin epithelial
sodium channel (DEG/ENaC) family and the transient receptor potential (TRP) ion channel family (Cox
personal communication, Montel 2005, Rosenweig et al. 2008, Driscoll 2010, Zhong et al. 2010, Zelle et
al. 2013, Bianchi and Salat et al. 2013).
The DEG/ENaC family is composed of 31 known members in Drosophila in contrast to 9 in
mammals (Zelle et al. 2013). These genes have been named the pickpocket (ppk) genes. The general
structure of their encoded proteins includes two membrane spanning regions and a cysteine rich domain on
the extracellular side of the membrane, which is involved in receptor function (Fig. 3; Bianchi and Driscoll
2010). As their name suggests these proteins form ionotropic channels that generate Na+ currents (Zelle et
al. 2013). All are inhibited by the diuretic amiloride, a readily available drug with a short half-life, which is
known to have antinociceptive effects (Jeong et al. 2013). These genes are fairly diverse in function with
respect to their ligands and their response to various stimuli.

Figure 3. General structure of degenerin epithelial sodium channel subunit. The structure contains 2
transmembrane regions and an extracellular cysteine rich receptor binding loop (shown in red). Figure from
Zelle et al. 2013.
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DEG/ENaC family members encode ion channel subunits, which are thought to combine to
produce trimers, which constitute functional sodium channels. Some members can form homotrimers on
their own such as ppk2, while others form heterotrimers such as the combinations ppk23/ppk29,
ppk11/ppk16, ppk11/ppk19 and ppk/ppk26 (Adams et al. 1998, Gautam et al. 2002, Zelle et al. 2013,
Gorczyca et al. 2014). It is also thought that the gene products of ppk25, ppk23 and ppk29 form a
heterotrimer. This suggests that these trimers can be composed of one, two, or three different subunits.
The individual members of this group are not well characterized and many of their specific
physiological roles remain unknown (Adams et al. 1998, Bianchi and Driscoll 2010). However, it is
known that ppk4 and ppk11 are involved in liquid clearance in the Drosophila trachea, the combination of
ppk/ppk26 contributes to mechanical nociception, and ppk25, ppk23 and ppk29 are involved in pheromone
detection (Liu et al. 2003, Lu et al. 2012, Vijayan et al. 2012, Gorczyca et al. 2014).
Even less is known about the specific neurological function of the DEG/ENaC’s with regards to
transduction or propagation of stimuli. Transduction refers to the primary detection of the stimulus which is
transduced into an action potential (Fig. 4). Propagation refers to the process of the movement of the action
potential from the peripheral dendrites along the axon and toward the central synapse connecting the
sensory neuron to the spinal cord. The mouse DEG/ENaC channel subunits ASIC1a, ASIC2, and ASIC3
are involved in the propagation phase of mechanical sensation, while the subunit encoded by ppk is thought
to be involved in mechanotransduction (Zhong 2011, Raouf et al. 2012). This suggests that the DEG/ENaC
subunits are capable of both transduction and propagation.
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Figure 4. Difference
ce between transduction and propagation of a stimulus. The stimulus (indicated by the
blue lightning bolt activates the ion channels responsible for transduction which then initiate an action
potential. Another group of ion channels propagate the signal ac
across
ross the neuron where it can be transmitted
to the central nervous system
The TRP ion channel family has been studied in other types of nociception, particularly in
detection of noxious mechanical and thermal stimuli. The human TRPM8 gene is known to function in cold
nociception (Feketa et al. 1997). There are 13 known Drosophila TRP genes compared to 27 human genes.
Despite fewer known genes, Drosophila contain at least one gene in all seven of the TRP subfamilies (Jegla
et al. 2009). The TRP subunit structure consists of six transmembrane regions (Fig. 5).
). These are calcium
channels that exhibit both voltage and ligand gated characteristics, and therefore do not fit nicely into either
channel classification (Minke 2010). Interestingly, menthol is a known ligand for the TRPM8 channel,
which when bound gives the perception of cold. The name transient receptor potential originates from the
t
Drosophila mutant of this gene, which displayed a transient response to light (Cosens 1969).
1969) These
channels function in numerous processes including mechanical, thermal and cold nociception,
osmoregularity, light perception and more (Montel 2005, Rosenw
Rosenweig et al. 2008, Salat et al. 2013).
Previous studies using behavioral assays in Drosophila larvae have identified TRP genes function during
nociception. Two examples include painless which has been implicated in thermal and mechanical
nociception (Tracey et al. 2003) and piezo,, which contributes to mechanical nociception (Kim et al. 2010).
The involvement of these proteins in nociception increases the likelihood that some may play a role in cold
nociception.
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Figure 5. General structure of a transient receptor potential ion channel protein. The channel includes 6
transmembrane regions and can be activated by either voltage or ligand binding. Figure from Clapham et
al. 2010.

Drosophila Cold Nociception: Selecting Specific Gene Targets for Study
Microarray studies performed in Dr. Cox’s lab have shown differentially expressed genes in the
CIII da neurons compared with CI, CII, and CIV (personal communication). The noteworthy results
included members of the DEG/ENaC family and the TRP family. Since CIII’s are the primary cold
nociceptors, it is likely that members of these two gene families are involved in cold nociception, as
expected due to their function in mechanical and heat induced nociception. The CIII enriched TRP genes
include the following with fold enrichment indicated in parentheses: trp (2.2x), trpγ (6x), painless (11.2x),
trpm (24x), trpml (9.5x), nompc (8.6x), and Pkd2 (63x). In addition to these TRP genes three genes from
the pickpocket family of DEG/ENaC’s were also enriched including ppk12 (10.1x) , ppk23 (10.4x), and
ppk25 (28.5x).
Some of these genes already have known nociceptive function. As mentioned earlier, painless is
involved in thermal and mechanical nociception (Tracey et al. 2003). nompc is involved in
mechanosensory transduction, and inhibition of the behavioral response to cold (Dan Cox, personal
communication). It is not surprising that the trpm encoded channels were enriched, as TRMP8 is involved
in mammalian cold detection (Feketa et al. 1997). Since less is known about the roles of DEG/ENaC
members, this research focused on the three pickpocket genes, ppk12, ppk23, and ppk25. Currently little is
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known about these three genes with respect to nociception. However ppk23 and ppk25 are known to detect
pheromones and are essential for courtship (Pikielny et al. 2012, Vijayan et al. 2014).

Statement of Hypothesis
At least one of these three members of the DEG/ENaC pickpocket family (ppk12, ppk23, and
ppk25) function in Class III da neuronal mediation of larval nociceptive cold behavioral response. Further,
each may function in either the transduction of cold sensing or subsequent central propagation within the
Class III da neurons.
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METHODOLGY AND EXPER
EXPERIMENTAL APPROACH
Summary of Experimental Approach
This project seeks to determine the possible roles of ppk12, ppk23, and ppk25 in cold nociception
in Drosophila melanogaster.. Previous work has shown that CIII da neurons are primarily responsible for
the cold response. Furthermore two ion channel groups (TRP and DEG/ENaC) are differentially expressed
in the CIII da neurons (Dan Cox, personal communication)
communication). Cold plate behavioral assays were performed
with third instar larvae expressing RNAi for ppk12, ppk23 or ppk25 in Class III (CIII) da neurons or with
loss-of
of function alleles for each of these genes (Fig. 6). If a functional role for one of these DEG/ENaC
family members was suggested, by the behavioral assay, then the gene was tested again in an optogenetic
assay to determine function in transduction or propagation of the stimulus (Fig. 4).

Behavioral Assay
Cringe Response
Inhibited

Cringe Response
Wild-Type
Conclude No
Function

Possible
Function

Do Not Pursue
Gene

Optogenetic Assay

Cringe Response
Inhibited

Cringe Response
Wild-Type

Likely Involved in
Propagation

Likely Involved in
Transduction

Figure 6.. Methodology flow chart for determining possible ppk channel function in Drosophila cold
nociception. Change in behavior from wild
wild-type in the behavioral assay will warrant
rrant further study with the
optogenetic assay to determine function in transduction or propagation
propagation.

Class III da Neuron Specific Knockdown of ppk Gene Expression
The Gal4/UAS
/UAS Expression System
In order to reduce the expression of the ppk genes in CIII da neurons, the
he Gal4/UAS system was
used to drive cell specific RNAi expression. The Gal4 protein and upstream activating sequence (UAS)
function in control of transcription in yeast (Duffy 2002).. This system has been employed in many
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organisms but most frequently in Drosophila. The Gal4 gene (also known as the driver) encodes a
transcription activator protein that specifically binds to the upstream activating sequence (UAS), analogous
to an enhancer element of the responder gene. When bound to the UAS, Gal4 drives transcription of the
responder gene which is expressed under the control of the UAS (Fig. 7, upper panel). The Gal4 gene is
controlled by a promoter containing enhancer like elements specific to the Drosophila cells being studied
(Fig. 7, upper panel). In this study, Gal4 expression was driven by a CIII da neuron specific promoter (Gal4
line 19-12; Tables 2 and 3; Xiang et al. 2010). When a CIII da Gal4 driver line is crossed to a UAS line
bearing a ppk RNAi construct, (Table 1) the progeny containing both transgenes will express the RNAi
exclusively in their CIII da neurons.

Figure 7. Gal4/UAS method of RNA interference in Drosophila. The top panel shows Gal4 transcription
activator protein binding the UAS to express a responder transgene. The bottom panel shows this process
used to express an inverted repeat which then transforms into a small hairpin RNA (shRNA) for RNA
interference. Modified from Prubing et al. 2013.

RNA Interference (RNAi) Induced Knockdown of Gene Expression
Each of the UAS RNAi transgenes used in this study encode an inverted repeat of one of the three
ppk genes. When transcribed, this inverted repeat folds over on itself to form a small hairpin RNA (shRNA)
(Fig. 7, lower panel; Prubing et al. 2013, Singh and Ganguli, 2013). The shRNA induces the RNA
interference pathway whereby the Dicer-2 protein cuts it into small inhibiting RNAs (siRNA) that are then
bound by a number of proteins into the RNA induced silencing complex (RISC). Subsequently this
complex binds to the cognate mRNAs. This either induces the degradation of the cognate mRNA or the
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inhibition of its translation. As a consequence, the expression of the gene of interest, in this case, ppk12,
ppk23, or ppk 25, is reduced (knocked down).

Generation of Stable Transgenic Lines in Drosophila
Drosophila mutant lines are created through a process of transgenic insertion. This process starts
with a P-element, a DNA transposon specific to Drosophila (Bachman and Knust, 2008). The P-element
transposon consists of a gene encoding a transposase flanked by P-element inverted repeats. For generation
of genome incorporated transgenes, the P-element is modified by standard molecular techniques.
Modifications include insertion of a marker gene, such as the white eye color gene, that gives rise to an
easily distinguishable phenotype in transformed animals. The experimental gene or RNAi construct of
interest is also inserted between the P-element ends. The P-element transgene construct is injected into the
posterior end of Drosophila syncytial blastoderm embryos. Some of this DNA will be stably incorporated
into the genome of a germline cells. Transposition of the transgene construct is random. Transformed flies
are selected by crossing of the resulting adults and identification of their progeny that express the
phenotypic marker.
Most Drosophila UAS RNAi lines are created using the Drosophila P-element system. The Pelement inserts randomly in the genome. A consequence of the random insertion is that the expression level
can vary significantly depending on where the transgene inserted in the genome. Each new Drosophila line
must therefore be optimized to create a sufficiently strong phenotype. Adding more copies of the gene and
strong promoter sequences can increase the level of expression (Jian-Quan et al. 2007). Strength of the
phenotype can then be determined visually or by other more quantitative methods such as fluorescence
intensity or loss of function assays depending on what works best for the particular target gene (Jian-Quan
et al. 2007). Conformation of RNAi as the source of the phenotypic change can be determined via PCR and
western blotting.

Assays of Drosophila Larval Responses to Noxious Cold
Cold Plate Behavioral Assay
The behavioral response of the wild-type Drosophila third instar larvae to noxious cold has been
characterized by Daniel Cox’s lab and replicated in the Halsell lab (Dan Cox, personal communication).
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The habitable temperature range for Drosophila is 19-29°C. At these temperatures in the behavioral assay
the larvae crawl freely. At approximately 12°C the larvae begin to raise their heads and tails and decrease
their crawling movement. At 10°C they begin to exhibit an anterior-posterior contraction, termed
“cringing” (Fig. 8). This cringe behavior is maximized and crawling minimized at ≤ 6°C. RNAi ppk 12,
ppk23, and ppk25 transgenes and also loss-of-function mutants for ppk12 and ppk 23 were tested (see
Methods).

Figure 8. Nocifensive response of the Drosophila third instar larvae to noxious cold. This behavior is an
anterior-posterior contraction termed “cringing” and is maximized at ≤ 6°C. Note the overall length of the
larva at 25°C is longer than at 6°C (white bars). Modified from: Sullivan, et al. (2013).

The behavioral assay was used to determine if knocking down ppk 12, ppk23, or ppk25 expression
would cause an inhibition of the cringe response to noxious cold. If knockdowns of any of these genes
inhibits the response, then it is concluded that the gene products are necessary for noxious cold detection.

Optogenetic Assay
If one of the ppk channel proteins is identified by the behavioral cold plate assay as required for
cold nociception, then the question is whether the channel protein is required in the transduction of the
noxious cold stimulus and/or the propagation of the stimulatory action potential. An optogenetic assay
allows us to differentiate between these two possibilities. Optogenetics allows for activation of neurons
with light. It works by utilizing a light-gated ion channel found in photoreceptors of the green algae
Chlamydomonas reinhardtii (Fig. 9, Husson et al. 2013). For this project an engineered version of
channelrhodopsin-2 (ChR-2) with an amino acid switch from threonine (T) or alanine (A) to glutamic acid
(E) at amino acid position 123 was used. This modified ChR2 is termed ChETA. This amino acid
modification results in channel proteins that activate in the millisecond timeframe (Honjo et al. 2012).
Speed is important because delay in response could lead to a false negative result (discussed below). The
ChETA protein can only function in the presence of a chromophore molecule called all-trans retinal (ATR).
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The ATR molecule works as a cofactor for the ChETA channel by absorbing a photon of light allowing for
conversion from an all trans state to a 13-cis state (Fig. 10). This change in shape of the chromophore
cofactor ATR causes conformational change in the ChETA ion channel to allow the passage of ions (Fig.
9). The ATR molecule quickly goes back to the trans conformation in the dark causing the closing of the
ion channel (Umezaki et al. 2011; Caro et al. 2012). Stimulation by blue light of this heterologous ion
channel circumvents the transduction requirement in the neuron in which it is expressed.

Figure 9. Channel rhodopsin 2 channel activation by blue light. When 480nm blue light hits the all-trans
retinal chromophore, it converts to a 13-cis conformation, which opens the channel. YFP refers to yellow
fluorescent protein and is used as a visual marker of channel expression. Source: Bamberg 2014

Figure 10. Conformational change of all-trans to 13-cis retinal in presence of 480nm blue light. Source:
Wong et al. 2012.

.
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Figure 11.. Conceptualization of the ppk optogenetic
ptogenetic assay. Both A and B represent Class III da neurons.
Panel A represents the ChETA channel expressed (green triangles) along with th
the normally expressed ppk
channel of interest (red circle). Panel B represents the expression of the ChETA channel and knockdown of
the ppk channel with RNAi. Activation of the ChETA channels with blue light replaces the noxious cold
induced transduction phase. If the lack of the ppk channel inhibits the blue light triggered cringe response,
then the ppk channel is likely to be involved in pro
propagation.

The optogenetic assay induces the cold nociceptive behavioral response at room temperature in
response to blue light stimulation (this study, see below; Dan Cox personal communication). Figure 11
shows the process of combining expression of the light gated ChETA channel with RNAi to determine if a
ppk subunit is involved in transduction or propagation. By knocking down the ppk subunit and stimulating
the neuron with blue light, any inhibition of the cringe response should be due to a break in the
th propagation
phase while a full cringe response suggests the ppk functions in the transduction phase. (Honjo et al.
2012). Procedurally, the analysis of the optogenetic assays is very similar to the cold plate behavioral assay
analysis. In this case the Gal4/UAS system is used, ßnot only to express the RNAi ppk constructs in CIII da
neurons, but also to simultaneously drive expression of the blue light activated ChETA ion channel. The
experimental optogenetic assay larvae are fed ATR and larvae of the samee genotype not fed ATR serve as
the negative control.
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METHODS
Drosophila Stocks and Crosses
Gal4 driver lines were maintained as separate stocks from the UAS responder lines (Table 1). The
lines were then crossed to produce the desired genotype (Tables 2 and 3). Third instar larvae were selected
for analysis. To control for possible false positive/negative results, when possible, multiple independent
UAS RNAi constructs were tested as well as mutant lines for channel genes of interest.
Oregon R was used as the wild type line. The CIII GAL4 driver for the cold assay was 19-12
tdGFP which expresses the GAL4 protein in the CIII neurons (Xiang et al. 2010) . The CIII GAL4 driver
for the optogenetic assay was 19-12 ChETA which expresses both the GAL4 protein and the ChETA
subunit which forms blue light gated channels in the CIII neurons. The UAS responders include a total of
five UAS RNAi constructs including UAS ppk12A, UAS ppk23, UAS ppk25A, UAS ppk25B, and UAS
ppk25C, and the positive experimental control UAS TNTE. The UAS TNTE responder encodes the tetanus
toxin light chain (Sweeny et al. 1995).. When expressed, this protein cleaves synaptobrevin, which is a
protein necessary for neurotransmitter exocytosis. This prevents synapses from occurring, which in our
case means expression of TNTE in the CIII da neurons will stop them from passing their signal to the
central nervous system and therefore inhibiting the reflex cringe response Therefore, UAS TNTE will be a
positive control for inhibition of the cringe response. Three loss of function mutant lines included ppk12
mutant, ppk23 mutant A, and ppk23 mutant B. The exact genotypes and stock numbers can all be found in
Table 1.
Many control crosses were used in the assays (Tables 2 and 3). For the cold behavioral assay, the
UAS responders were crossed to Oregon R as a negative control because without Gal4, UAS will not be
activated. For the optogenetic assay the GAL4 drivers crossed to the UAS responders were grown with and
without ATR.
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Function
Wild Type
GAL4 CIII
drivers

Control
Responder
RNAi
Responders

Stock Number
N/A1

Table 1. Stocks
Genotype
Oregon R

N/A1

19-12 tdGFP

N/A1

19-12.CHETA.YFP

N/A1
KK105131-VDRC2

UAS-TNTE
UAS-ppk12[RNAi]
y[1] v[1]; p[TRiPJF02027] attP2
UAS-ppk23[RNAi]

N/A1
KK106873-VDRC2
KK10808-VDRC2

Loss of
Function
Mutants

B-270863

UAS-ppk25[RNAi]
y[1] v[1]; UASppk25[RNAi]

GD7343-VDRC2

UAS-ppk25[RNAi]

B-291793

w; Mi{ET1}ppk12MB11059

B-125713

w; ppk23BG01654

B-33303
w; ppk23G17320
Source of stocks:
1=Dan Cox, Georgia State University
2=Vienna Drosophila Resource Center
3=Bloomington Drosophila Stock Center

Description
Wild Type
CIII specific
driver/
imaging
ChETA CIII
da Driver
Tetanus
Toxin
ppk12 RNAi
ppk12 RNAi
ppk23 RNAi
ppk25 RNAi
ppk25 RNAi
ppk25 RNAi
ppk12
mutant
ppk23
mutant
ppk23
mutant

Alternative name
OR

19-12 tdGFP
19-12 ChETA
UAS TNTE
UAS ppk12ARNAi
UAS ppk12B
RNAi
UAS ppk23 RNAi
UAS ppk25A
RNAi
UAS ppk25B
RNAi
UAS ppk25C
RNAi
ppk12
ppk23 allele A
ppk23 allele B

Cold plate Behavioral Assay
Wild type Oregon R were used as the first set of control larvae for the cold behavioral assay. This
was considered a negative control because there should be no inhibition in the cringe response. Oregon R
virgin females were also crossed to male UAS RNAi or UAS TNTE strains which served as another
negative control due to lack of GAL4 protein binding UAS for expression of the RNAi or TNTE sequence.
The experimental larvae were generated by crossing virgin females of the CIII da neuron GAL4 driver 1912 tdGFP to male UAS RNAi or UAS TNTE strains which led to binding of GAL4 to the UAS and hence
expression of the RNAi or TNTE sequence (Table 2). As mentioned above, UAS TNTE is a positive
control to reveal cringe inhibition, however, procedurally it was treated similar to the UAS RNAi
constructs in that it was crossed to both the GAL4 driver 19-12 tdGFP and to Oregon R.
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To generate the appropriate larval genotypes, 20-25 virgin females were crossed with 10-15 males.
Crosses were performed in 6 oz bottles containing 50mL of standard cornmeal/molasses food. All bottles
were incubated at 25°C for 7-9 days. Third instar larvae were identified as those that were actively crawling
up near the top of the bottle and were visually much larger than the first and second instar larvae, which
stayed near the bottom in the food.
Table 2. Crosses, Genotypes, and Function of Larvae for Cold Plate Behavioral Assays

☿

♂

OR
OR
19-12 TDGFP

OR
UAS TNTE
UAS TNTE

Function in Assay
Wild Type
Tetanus Toxin control
Tetanus Toxin

OR

UAS ppk12

control

19-12 TDGFP

UAS ppk12

knockdown

OR

UAS ppk23

control

19-12 TDGFP

UAS ppk23

knockdown

OR

UAS ppk25A

control

19-12 TDGFP

UAS ppk25A

knockdown

OR

UAS ppk25B

control

19-12 TDGFP

UAS ppk25B

knockdown

OR

UAS ppk25C

control

19-12 TDGFP

UAS ppk25C

knockdown

UAS ppk12 mutant

UAS ppk12 mutant

loss of function

UAS ppk23 mutant A

UAS ppk23 mutant A

loss of function

UAS ppk23 mutant B

UAS ppk23 mutant B

loss of function

The cold-plate behavioral assay setup included a thermal cycler, a fiber optic light source, a Nikon
5200 camera mounted above the sample block of the thermal cycler, and a black painted aluminum plate
(Fig. 12). The fiber optic lighting pointed horizontally across the sample block coupled with the black color
of the aluminum plate enhanced the contrast of the white larvae against a black background. The sample
block of the thermal cycler was flooded with water to ensure maximal temperature transfer. Next the
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thermal cycler was powered up and set to remain at constant 5°C and allowed time to reach this
temperature. 5°C was the temperature used in behavioral screening because in order to get the aluminum
plate which rests on the sample block to get to ≤ 6°C the sample block needs to be 5°C. Approximately 120
third instar larvae were collected from the top of the bottle and rinsed with water before placing on a damp
kimwipe. Larvae were left to crawl around the kimwipe.

Figure 12. Cold Plate Behavioral Assay Setup. A Nikon 5200 is mounted directly above the sample block
of a PTC-100 thermal cycler. Larvae are placed on an aluminum plate atop flooded sample block. Fiber
optic lighting is used to direct light horizontally thereby fully illuminating the larvae without much
illuminating of the black background plate.

To begin the assay, a standard spray bottle was used to spray a mist of water into the air. The black
aluminum plate was then swept through the mist to collect a very fine mist of water droplets that covered
the plate. Four actively mobile larvae were then taken from the damp kimwipe and placed in a small
(~1.5cm) square in the middle of the misted black plate. Video recording was started at this time and the
aluminum plate was subsequently pressed firmly against the flooded sample block. Video was recorded at
60 frames/sec for 30 seconds. This procedure was repeated for approximately 30 videos (approximately
120 larvae). Videos were analyzed as described below.

Optogenetic Assays
As mentioned above, the cringe response to cold can be mimicked at room temperature via blue
light activation by expression of the ChETA blue light gated channel in the CIII da neurons of the third
instar Drosophila larvae in the presence of ATR. The GAL4 driver 19-12 ChETA was used alone as the
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first set of control larvae for the optogenetic assay. In addition to its role as a GAL4 driver, it also drives
expression the ChETA blue light gated channel throughout the Class III da neurons. This was considered a
negative control because there should be no inhibition in the blue light activated cringe response. The
experimental larvae were performed by crossing virgin females of the CIII da neuron GAL4 driver 19-12
ChETA to male UAS RNAi or UAS TNTE strains which led to binding of GAL4 to the UAS and hence
expression of the RNAi or TNTE sequence along with the ChETA light gated channel. All negative control
and experimental larvae were grown in the presence of ATR while positive controls were grown without
ATR. Just as in the cold behavioral assay, UAS TNTE is a positive control, however, procedurally it was
treated similar to the UAS RNAi constructs in that crosses were performed on food with and without ATR.
Experimental and control larvae were generated by crossing10-15 virgin females with 5-10 males
(Table 3). Larvae were grown in vials with 7 ml of food. Positive controls were grown on food with a final
concentration of 0.1 mM ATR (Sigma). All vials were incubated at 25°C for 7-9 days.
Table 3. Crosses, Genotypes, and Function of Larvae for Optogenetic Assays

☿

♂

ATR Added

Function in Assay

19-12 ChETA
19-12 ChETA
19-12 ChETA
19-12 ChETA

19-12 ChETA
19-12 ChETA
UAS TNTE
UAS TNTE

no
yes
no
yes

Negative Control
Positive Control
Tetanus Toxin control
Tetanus Toxin

19-12 ChETA

UAS ppk12A RNAi

no

19-12 ChETA

UAS ppk12A RNAi

yes

19-12 ChETA

UAS ppk12B RNAi

no

19-12 ChETA

UAS ppk12B RNAi

yes

19-12 ChETA

UAS ppk23 RNAi

no

19-12 ChETA

UAS ppk23 RNAi

yes

19-12 ChETA

UAS ppk25A RNAi

no

19-12 ChETA

UAS ppk25A RNAi

yes

19-12 ChETA

UAS ppk25B RNAi

no

19-12 ChETA

UAS ppk25B RNAi

yes

19-12 ChETA

UAS ppk25C RNAi

no

19-12 ChETA

UAS ppk25C RNAi

yes

control
knockdown
control
knockdown
control
knockdown
control
knockdown
control
knockdown
control
knockdown
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The optogenetic assay setup was similar to the cold behavioral assay setup but includes a Leica
fluorescent scope in the place of the thermal cycler and fiber optic light source. A Nikon 5200 camera was
mounted to the observation tube of the fluorescent scope. A glass plate was used in place of the black
aluminum plate and was placed on the microscope stage. A small amount of back light was used to
illuminate the larvae through the glass compared to a dark background. The fluorescent filter was set to
GFP. Approximately 120 third instar larvae were collected from the top of the bottle and rinsed with water
before placing on a damp kimwipe. Larvae were left to crawl around the kimwipe.
To begin the assay, a standard spray bottle was used to spray a mist of water into the air. The glass
plate was then swept through the mist to collect a very fine mist of water droplets that covered the plate.
One actively mobile larva was then taken from the damp kimwipe and placed in the middle of the misted
glass plate. Video recording was started as soon as the larva began to crawl. At 5 seconds the barrier filter
was removed to allow the 480nm blue light to pass through to the larva. After 5 seconds the barrier filter
was reinserted to stop the blue light. After a final 5 seconds the video was stopped. This gave a video that
was recorded at 60 frames/sec for a total of 15 seconds with 5 seconds no light, 5 seconds blue light, and 5
seconds no light at the end. This procedure was repeated for approximately 30 larvae. The video was
analyzed as described below.

Video Processing and Analysis
MOV formatted videos were converted to AVI, which is compatible for import into Image J.
Image J was then used to process the videos and convert into numerical data for both change in larval
length and larval movement.
The first Image J processing function used was to convert the video to grayscale (Fig. 13A). The
first frame that the plate comes into contact with the cold surface was then determined visually and set as
the first frame used in data analysis. The threshold function was used to create the clearest possible larval
silhouettes in all frames. Once the silhouettes are created, the video was converted to binary form, which
showed a black silhouette of the larva against a white background. Once in binary form, the skeletonize
function was used to transform the larva into linear form Each larva was selected separately and particles
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were analyzed
zed for length data (length corresponds to the cringing behavior). The length was collected via
the area function under particle analysis.
Length data (read as area in Image J) was then imported into excel for analysis (Fig. 13B). The
desired form of this data was percent “cringe”. This is defined as the percent length change compared to the
maximum length of the larva. The equation used to calculate this is the following: (MAX length – length
for each frame)/MAX length. The average maximum % cringe for ea
each
ch larva was taken during the first 1.5s
after contact with the cold surface for the cold behavioral assay or between 5 and 6.5 seconds for the
optogenetic assay (See Results; Fig. 13C)
13C). The average of approximately100
100 larva per sample for the cold
behavioral
oral assay and ~30 larvae for the optogenetic assay were calculated as the average maximum percent
cringe.

Figure 13. Image processing and calculation of percent cringe
cringe.. In panel A the first row shows an image of
the raw video. Next the threshold function is used to separate the pixels based on brightness in the second
row. The pixels are then converted to binary form (third row), which separates them into black and white
whit
based on the previously determined threshold. Finally the larvae are converted to linear form via the
skeletonize function (fourth row). The larvae in this figure are wild
wild-type
type Oregon R seen at 0s (before
cringing) on the left and 1.5s (during cringing) on the right. Panel B shows the percent cringe data after
calculation from pixel data. Finally panel C shows a representation of a full length (15s) larvae video
plotted as average percent cringe over time.

Statistical Analysis
Significance of cringe resu
results in the cold plate behavioral assays and optogenetics assays were
analyzed by a t-test
test using a two
two-sample equal variance (homoscedastic) test (form of t-test).
test). The statistical
tests compared experimental genotypes to control genotypes.
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RESULTS
Cold Behavioral Assay
The cold behavioral assay was used to determine if any of the three ppk genes, ppk12, ppk23, and
ppk25, were necessary for noxious cold detection. A total of nine experimental groups were tested with the
cold behavioral assay (Fig. 14). These groups included a known positive control for cringe behavior
inhibition, UAS TNTE crossed to the GAL4 driver 19-12 tdGFP, five UAS RNAi constructs crossed to 1912 tdGFP including UAS ppk12A, UAS ppk23, and UAS ppk25A-C, and three mutant alleles including
ppk12 mutant, and ppk23 mutants A and B. There were also seven control groups including the negative
control wild-type Oregon R which was used as the baseline for a full cringe response, and Oregon R
crossed to each of the five UAS RNAi lines and the UAS TNTE line.
The cringe response over time for the experimental and control larvae is shown (Fig. 14). The
wild-type (Oregon R) cringe response peaks within 1.5 seconds from beginning of contact with the cold
surface (blue traces, Fig. 14). The average maximum percent cringe for wild type larvae was 41.7 % (Figs.
14 and 15; Table 4). In contrast, driving expression of the UAS TNTE delayed the maximum cringe by
more than a second, with the greatest percent occurring between 2.5 and 3 seconds (Fig. 14; Table 4). In
addition, the maximum average percent cringe for the TNTE control is only 28.4%. This verifies that third
instar larvae have a stereotypical response to noxious cold and this response can be negatively affected by
expressing the tetanus toxin in CIII da neurons. The data from this positive control revealed two important
points. The first is that the peak cringe appears to be delayed compared to Oregon R. The second is that the
peak cringe is lower during the course of the assay. Therefore in order to quantify the results, the average
maximum percent cringe within the first 1.5 seconds for the larvae in the control groups were compared to
that for the experimental groups. In this way it was possible to capitalize on both delayed response and
smaller cringe in order to give statistical significance between the experimental and control groups.
There was a significant alteration of the cringe response when ppk RNAi was expressed in third
instar larvae (Fig. 14; Table 4). The control crosses for all five ppk RNAi constructs mimicked the wildtype crosses. Maximum percent cringe for these controls ranged from 38.7-43.5% as compared to 41.7%
for Oregon R (Table 4). This suggests the undriven UAS RNAi transgenes do not change the maximum
percent cringe. Further, the timing and overall cringe response resembles that of the Oregon R control (Fig.
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14, compare blue trace to red traces). These controls contrast the experimental CIII driven experimental
ppk RNAi lines. All five GAL4 driven ppk RNAi constructs exhibited a delay in reaching their maximum
percent cringe (Fig. 14). The delay in reaching their maximum as compared to Oregon R was
approximately 1.5 seconds for UAS ppk12A, UAS ppk23, UAS ppk25A and UAS ppk25C and
approximately 3 seconds for UAS ppk25B (Fig. 14). When comparing the percent cringe at 1.5 seconds of
the assay, all of the experimental larvae showed a lower amount of cringing, ranging from 31.7-36.0%
compared to 41.7% for Oregon R (Fig. 15; Table 4). While this reduction in cringing is not as great as for
the TNTE experimental (28.7%), statistical analysis using a Type 2, 2 tailed T-Test showed the values were
significantly different (p < 0.001; Fig 15). Even when maximum percent cringe was achieved by each
experimental set, it was lower than the Oregon R control (Fig. 14). Three mutant alleles, ppk12 and two
ppk23 mutant alleles, exhibited comparable results with their RNAi experimental counterparts (Figs. 14 and
16; Table 4).
Table 4: Maximum Percent Cringe at 1.5 Seconds in Behavioral Assay
Larvae Type
Experimental1 (n)
Control2 (n)
Oregon R
41.7% (90)
N/A3
TNTE
28.7% (107)
38.7% (109)
ppk12, RNAi line A
35.8% (108)
43.5% (95)
ppk12, mutant
36.3% (100)
N/A
ppk23, RNAi
36.0% (117)
41.8% (102)
ppk23, mutant allele A
35.1% (103)
N/A
ppk23, mutant allele B
31.3% (61)
N/A
ppk25, RNAi line A
35.7% (87)
40.2% (94)
ppk25, RNAi line B
31.7% (108)
41.6% (111)
ppk25, RNAi line C
34.2% (114)
41.2% (104)
1: Experimental larvae were the indicated UAS RNAi line crossed the CIII da neuron Gal4 driver.
2: Control larvae were the indicated UAS RNAi line outcrossed to Oregon R.
3: Not Applicable.
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Blue = wild type OR (control)
Red = wild type OR X UAS RNAi (control)
Green = 19-12 tdGFP X UAS RNAi and mutants (experimental)

Figure 14. Cold behavioral assay results expressed as average percent cringe over time. 61-117 larvae were
assayed for each trial. 5°C was used as the stimulus. ppk25A-C refer to three separate ppk25 RNAi
constructs while ppk23 mutant A and B refer to different ppk23 mutants. Exact genotypes and stock
numbers can be found in Tables 1 and 2. Blue trace represent wild type Oregon R, red traces represent
Oregon R X corresponding UAS RNAi controls, and green traces represent either 19-12 tdGFP X
corresponding UAS RNAi or mutant experimental larvae. Data is shown for the first 5 seconds after contact
with the 5°C cold surface.
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Figure 15. Cold behavioral assay RNAi results. 61-117 larvae were assayed for each trial. The number of
larvae tested for each genotype is shown in Table 4. Type 2, 2 tailed t-tests were used to determine
significance with p-values less than .001 accepted as significant and indicated by *. T-tests were performed
comparing experimental to WT and – controls (UAS RNAi constructs not crossed to GAL4 19-12 driver).
Error bars represent the SEM. ppk25A-C refer to three separate ppk25 constructs. Exact genotypes and
stock numbers can be found in Tables 1 and 2.
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Figure 16. Cold Behavioral Assay Mutant Results. 61-117 larvae were assayed for each trial. 5°C was used
as the stimulus. ppk23 mutant A and B refer to different ppk23 mutants. Type 2, 2 tailed t-tests were used to
determine significance with p-values less than .001 accepted as significant and indicated by *. T-tests were
performed comparing experimental to WT. Error bars represent the SEM. Exact genotypes and stock
numbers can be found in Table 1.

Optogenetic Assay
The cold behavioral assays suggested ppk12, ppk23, and ppk25 function in detection of noxious
cold. The optogenetic assay helped determine whether these three ppk genes function in noxious cold
transduction or propagation. A total of seven experimental groups were performed for the cold behavioral
assay. These groups included the known positive control for cringe behavior inhibition, UAS TNTE
crossed to the GAL4 driver 19-12 ChETA, and six UAS RNAi constructs crossed to 19-12 ChETA
including UAS ppk12A, UAS ppk12B, UAS ppk23, and UAS ppk25A-C. The experimental larvae were fed
the ATR cofactor while the control larvae were the same genotype but were not fed ATR. For comparison
three cringe control groups were tested. Wildtype larvae expressing 19-12 ChETA fed ATR served as the
control for a full cringe response upon blue light stimulation (Fig. 17, blue traces);, 19-12 ChETA larvae
not fed ATR and the UAS TNTE X 19-12 ChETA larvae also served as controls (Fig. 17, red traces).
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There was a significant alteration of the cringe response only when ppk25 RNAi was expressed in
third instar larvae (Fig. 18; Table 5). However, visually in figure 17 it can be seen that cringe still appears
to be inhibited in all UAS ppk RNAi larvae. Maximum percent cringe for the positive cringe inhibition
controls (19-12 ChETA larvae not fed ATR and the UAS TNTE X 19-12 ChETA larvae with and without
ATR) ranged from 22.7-27.1% as compared to 50.6% for 19-12 ChETA larvae fed ATR (Table 5). This
shows that both ATR is necessary for a full cringe response, and that TNTE is equally powerful as absence
of ATR in inhibiting this response. These controls contrast the experimental CIII driven experimental
ppk25 RNAi lines. When comparing the maximum percent cringe from 5-6.5 seconds of the assay, ppk12
and ppk23 RNAi larvae were not significantly inhibited in their cringe response ranging from 39.7-48.1%.
Only the experimental larvae for ppk25 RNAi showed a significantly lower amount of cringing, ranging
from 29.3 - 43.1% compared to 50.6% for 19-12 ChETA with ATR (Fig. 18; Table 5). While this reduction
in cringing is not as great as for the TNTE experimental (22.7%), statistical analysis using a Type 2, 2
tailed T-Test showed the values were significantly different (p < 0.001; Fig 18). Even when maximum
percent cringe was achieved by each experimental set, it was lower than the 19-12 ChETA with ATR
control (Fig. 17).
Table 5: Maximum Percent Cringe from 5-6.5 Seconds in Optogenetic Assay
Control2 (without
Experimental1
(with ATR) (n)
ATR) (n)
19-12 ChETA
50.6% (50)
27.1% (10)
TNTE
22.7%(15)
25.8% (16)
ppk12, RNAi line A
44.3% (19)
N/A3
ppk12, RNAi line A
39.7%(5)
N/A
ppk23, RNAi
48.1% (55)
N/A
ppk25, RNAi line A
43.1% (23)
N/A
ppk25, RNAi line B
35.9% (41)
N/A
ppk25, RNAi line C
29.3% (29)
N/A
1: Experimental larvae were the indicated UAS RNAi line crossed to the CIII da neuron Gal4 driver 19-12
ChETA with ATR.
2: Control larvae were the indicated UAS RNAi line crossed to 19-12 ChETA without ATR.
3: Not Applicable.
Larvae Type

The cringe response over time for the experimental and control larvae is shown (Fig. 17). Again,
the blue light stimulus was only active between the five and ten second time points. The 19-12 ChETA with
ATR cringe response peaks in less than a second from beginning of blue light activation (blue traces, Fig.
17). The average maximum percent cringe for 19-12 ChETA with ATR larvae was 50.6 percent (Fig. 18).
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In contrast, the maximum average percent cringe for the 19-12 ChETA driven UAS TNTE with ATR
control is only 22.7 percent. Both the 19-12 CheTA and 19-12 ChETA driven UAS TNTE had significantly
inhibited cringe responses without ATR (27.1 and 25.8 percent respectively). This verifies that third instar
larvae have a stereotypical response to blue light activation that requires the presence of ATR and mimics
the response to cold. This response can be negatively affected by expressing the tetanus toxin in CIII da
neurons. In this assay no delay was seen for any of the positive controls.
The data from these positive controls gave three important points. The first is that ATR is
absolutely necessary for the cringe response to blue light. The second is that the peak cringe is lower during
the course of the assay. And the third is that there appears to be no delay in the cringe response. Therefore
in order to quantify the results, the exact same procedure was used in that the average maximum percent
cringe within the first 1.5 seconds after blue light activation for the larvae in the control groups were
compared to that for the experimental groups.
For comparison, the average maximum percent cringe for the 19-12 ChETA with ATR was 50.6
percent. The average maximum percent cringe for 19-12 ChETA X UAS ppk12A with ATR was 44.3
percent, for 19-12 ChETA X UAS ppk12B with ATR was 39.7 percent, for the 19-12 ChETA X UAS ppk
23 with ATR was 48.1 percent, for 19-12 ChETA X UAS ppk 25A with ATR was 43.1 percent, for the 1912 ChETA X UAS ppk25B with ATR was 35.9 percent, and for 19-12 ChETA X UAS ppk25C with ATR
was 29.3 percent. All crosses were performed without ATR as another control (data not shown).
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Blue = 19-12 ChETA w/ ATR (control)
Red = 19-12 ChETA w/o ATR (control)
Green = 19-12 ChETA X UAS RNAi or UAS TNTE (experimental)

Figure 17. Optogenetic assay results expressed as average percent cringe over time. Approximately 5-50
larvae were assayed for each trial. 5 seconds of blue light was used as the stimulus. The assay began with 5
seconds of dark, followed by 5 seconds of blue light, followed again by 5 seconds of dark. Exact genotypes
and stock numbers can be found in table 1. Blue traces represent 19-12 ChETA w/ ATR, red traces
represent 19-12 ChETA without ATR control, and green traces represent 19-12 ChETA X corresponding
UAS RNAi or UAS TNTE w/ ATR experimental larvae. The beginning of the stimulus was directly at the
5 second time point and lasts until the 10 second time point.
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Figure 18. Optogenetic assay average maximum percent cringe results. 5-50 larvae were assayed for each
trial. 5 seconds of blue light was used as the stimulus. Type 2, 2 tailed t-tests were used to determine
significance with p-values less than .001 accepted as significant and indicated by *. T-tests were performed
comparing to ChETA with ATR. Error bars represent the SEM. Exact genotypes and stock numbers can be
found in Tables 1 and 3.
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DISCUSSION
Statement of Hypothesis and Predicted Experimental Results
The original hypothesis predicted at least one of the three members of the DEG/ENaC pickpocket
family (ppk12, ppk23, and ppk25) function in class III da neurons to mediate the larva’s nociceptive cold
behavioral response. Further, that each might affect either the transduction of the cold sensing or
subsequent propagation of that sensing within the class III da neurons. These hypotheses were examined in
larvae expressing RNAi transgenes or bearing loss-of-function mutant alleles as compared to appropriate
controls. Any statistically significant inhibition in the cringing response from RNAi expression driven in
CIII da neurons was interpreted as the gene product possibly playing a functional role in cold nociception.
Separately created RNAi lines and mutants were used to validate the observations. Finally the genes were
tested using an optogenetic assay to better clarify the channel function in the cold behavioral response
(Figs. 4 and 11). If there was a significant inhibition of the cringe response, it was concluded that the gene
was likely involved in the propagation of the action potential generated by the noxious cold stimulus given
that optogenetic activation alone is sufficient to elicit the cringe response in the absence of the stimulus.
However, if the cringe response was wild-type, it was concluded that the gene was likely involved in the
transduction step of the noxious stimulus. Preliminary data from the Cox lab has demonstrated, for
example, that the TRP channels, nompC, Pkd2, and trpm function in the transduction step consistent with
members of the TRP family, whereas the para gene, is involved in the propagation phase of the response.

Cold Behavioral Assay
The hypothesis for the cold assay was that ppk12, ppk23, and ppk25 could function in cold
detection. The prediction for the cold behavioral assay was that all 5 RNAi constructs (ppk12, ppk23, and
ppk25A-C) and 3 mutants (ppk12 mutant, ppk23 mutant A, and ppk23 mutant B) would inhibit the cringe
response to noxious cold. More specifically this data would be visible as significant decreases in the
average maximum percent cringe compared to the wild type Oregon R control and to the specific UAS X
Oregon R controls. The results of the cold behavioral assay did exhibit significant decreases in the average
maximum percent cringe (p values ≤ .001) during the first 1.5 seconds after exposure to noxious cold for all
experimental groups. The 19-12 tdGFP X UAS TNTE group had the most significant inhibition with a
maximum percent cringe of only 28.4 percent compared to 41.7 percent in Oregon R, which was at least
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2.9 percent lower than any other RNAi construct or mutant. This means that knocking down the individual
ppk subunits one at a time was not sufficient to completely inhibit the response to cold. This may therefore
indicate that knocking down multiple ppk subunits could create a stronger effect. It is thought that ppk23
and ppk25 form a heterotrimer with ppk29 involved in pheromone detection, so it may very well be
possible that ppk12 could take the place of ppk29 to form a cold sensitive channel (Vijayan et al. 2012).
Other combinations of PPK proteins could be responsible and additional experiments are required to test
this possibility. The results of the cold behavioral assay therefore confirmed the hypothesis and indicated
that ppk12, ppk23, and ppk25 are all involved in noxious cold detection in some way. Therefore, it was
reasonable to test all three of the ppk genes in the optogenetic assay.

Optogenetic Assay
The hypothesis for the optogenetic assay predicts that if ppk12, ppk23, and/or ppk25 contribute to
the noxious cold response as indicated by the cold behavioral assay, then they would function in either the
transduction or propagation phase of the response. Only the ppk25A-C B and C RNAi constructs
significantly inhibited the blue light activated cringe response (35.943.1, and, 35.9, and 29.3 average
maximum percent cringes respectively; Fig. 18) compared to 50.6 average maximum percent cringe in the
19-12 ChETA with ATR. Therefore, ppk25 is likely to be involved in the propagation phase of cold
detection within the CIII da neuron.
DEG/ENaC subunits are known to function in both propagation and transduction of mechanical
stimuli, it possible that either ppk12 and ppk23 could function in either transduction or propagation. (Zhong
2011, Raouf et al. 2012). ppk12 and ppk23 did not significantly inhibit the cringe response (Fig. 18). This
suggests they affect the transduction phase. However, since only two RNAi constructs were tested for
ppk12 and only one RNAi construct was tested for ppk23, the possibility of these genes being involved in
propagation cannot yet be ruled out. Examining their impact over time in the optogenetic assay (Fig. 17), it
does appear there is an inhibition of the cringe response even though it is not statistically significant. The
statistical insignificance may be due to mutual dependence of the subunits to form a heteromeric channel.
In other systems, mutant alleles for these genes would presumably result in a knock out of gene function as
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opposed to a knock down by RNAi expression. Future work with mutant alleles for each of these genes in
the optogenetic assay may clarify the function of these genes in noxious cold detection.
Overall, I think it most likely that all three pickpocket genes are involved in the propagation phase
of noxious cold detection. My reasoning is that our assay was developed to avoid false positive results
which made it less sensitive to small effects, and based on the graphical data in Figure 17, it seems entirely
possible that all genes tested were involved in propagation.
An important observation worth mentioning was the high variation between individual larvae in
the optogenetic assay. More specifically, it was noted during video recording that some larva cringed as if
they did not have RNAi while others appeared to be inhibited. Typically, there should not be phenotypic
differences between genetically identical larvae. This variability was difficult to quantify and cannot be
seen in the calculated data, but was most pronounced in ppk23 RNAi constructs. Due to the specificity of
this observation to ppk23, an explanation may be due to the location of insertion. It is known that when
genes that normally located in euchromatin become inserted into heterochromatic regions, this can result in
random silencing of the gene. This can in turn cause phenotypic differences between individual larvae,
which are of the same genotype and is called position effect variegation (Elgin and Reuter, 2013). It is our
hypothesis that although the insertion point of our ppk23 RNAi construct (KK106873-VDRC) is unknown,
that it may have been inserted near a heterochromatic region of the chromosome. The significance of this
observation is that random strength of knockdown from the RNAi insertion may cause the data to more
closely resemble wild-type, and therefore behavioral changes may be missed.

Future Directions
Future directions for this project include three major sets of experiments. The first is to assay
mutant ppk lines in the optogenetic assay. This could validated the RNAi results that ppk25 likely functions
during propagation. In addition, mutant analysis could clarify the roles of ppk12 and ppk23. The second set
of experiments will include co-expression studies of ppk12, ppk23, and ppk25 to help determine if the
effect is stronger when these genes are working in combination. Work by Dan Cox’s lab has already given
insight to co-expression of these genes, and will be used to determine the course of action for this set of
experiments. The hypothesis is these co-expression studies will yield information not only on the function
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of these genes, but also how their encoded subunits fit together. The third set of experiments would be a
microscopic analysis to determine the localization of ppk12, ppk23, and ppk25 in the CIII neurons. A very
similar study was conducted by Gorczyca et. al (2014) in which they created rabbit anti ppk1 and ppk26
antibodies with mCherry and EGFP fluorescent tags. This may give more insight into the functional roles
of these genes. The prediction is that those involved in transduction will be localized to the extremities of
the dendrites where they integrate the epidermis, while those involved in propagation will be localized
along the axon of the neuron. It may also help to show visually if the subunits are co-localized indicating
that they form heteromers.

Significance
This study has identified three genes, ppk12, ppk23, and ppk25, that are likely to be involved in
noxious cold detection, and it is likely that at least one of them (ppk25) functions in propagation. Only
TRPM8 and TRPA1 are known to be involved in noxious cold detection in mammals (Feketa et al. 1997).
Therefore it is possible that DEG/ENaC genes may also be involved in noxious cold detection in mammals.
This may lead to new potential targets for the treatment of pain.
Of a broader significance, this work has helped to fill the gap in understanding the mechanisms of
all pain evoking stimuli. Similarities and differences between genes involved in each stimuli may help to
both decipher what is common to all types of nociception as well as what is specific to each stimulus.
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APPENDIXES

Table S1. Raw Data for Cold Behavioral Assay
Genotype
n
Average Standard
Deviation
Oregon R
Oregon R X UAS
TNTE
19-12 tdGFP X UAS
TNTE
Oregon R X UAS
ppk12A RNAi
19-12 tdGFP X UAS
ppk12A RNAi
Oregon R X UAS
ppk23 RNAi
19-12 tdGFP X UAS
ppk23 RNAi
Oregon R X UAS
ppk25A RNAi
19-12 tdGFP X UAS
ppk25A RNAi
Oregon R X UAS
ppk25B RNAi
19-12 tdGFP X UAS
ppk25B RNAi
Oregon R X UAS
ppk25C RNAi
19-12 tdGFP X UAS
ppk25C RNAi
ppk12 Mutant
ppk23 Mutant A
ppk23 Mutant B

SEM

p-value
from
Oregon R

90
109

41.74
38.68

8.10
8.68

0.85
0.83

1.14E-02

107

28.40

8.42

0.81

5.12E-23

95

43.53

9.21

0.95

1.65E-01

108

35.75

8.36

0.80

8.00E-07

102

41.75

7.65

0.76

9.98E-01

117

36.04

8.08

0.75

1.09E-06

94

40.24

8.76

0.90

2.29E-01

87

35.71

9.14

0.98

6.41E-06

111

41.55

8.68

0.82

8.61E-01

108

31.68

8.91

0.86

2.35E-14

104

41.16

10.07

0.99

6.62E-01

114

34.16

9.06

0.85

2.83E-09

100
103
61

36.29
35.08
31.30

8.81
8.78
8.43

0.88
0.87
1.08

1.65E-05
1.56E-07
2.34E-12

p-value
from
UASXOR

3.81E-16

1.75E-09

2.33E-07

8.09E-04

9.26E-15

1.69E-07
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Table S2. Raw Data for Optogenetic Assay
Genotype
n
Average Standard
Deviation
19-12 ChETA w/ ATR
19-12 ChETA no ATR
19-12 ChETA X UAS
TNTE w/ ATR
19-12 ChETA X UAS
TNTE no ATR
19-12 ChETA X UAS
ppk12A RNAi w/ ATR
19-12 ChETA X UAS
ppk12B RNAi w/ ATR
19-12 ChETA X UAS
ppk23 RNAi w/ ATR
19-12 ChETA X UAS
ppk25A RNAi w/ ATR
19-12 ChETA X UAS
ppk25B RNAi w/ ATR
19-12 ChETA X UAS
ppk25C RNAi w/ ATR

SEM

p-value from 1912 ChETA w/
ATR

50
10
15

50.60
27.07
22.72

6.18
7.04
8.83

0.87
2.23
2.28

2.05E-15
1.04E-20

16

25.78

7.57

1.89

5.75E-20

19

44.31

10.38

2.38

2.88E-03

5

39.73

13.57

6.07

1.72E-03

55

48.08

11.24

1.52

1.64E-01

23

43.13

10.22

2.13

2.41E-04

41

35.87

8.60

1.34

3.73E-15

29

29.33

9.80

1.82

9.10E-19

